A transportable standard current source has been made with a mercury battery as a voltage reference combining with a reference resistor. The stability is better than 0.2ppm/ day. It is confirmed that this current source can be used to transfer a standard current with the accuracy within 1ppm from a labolatory to other one. In connection with this experiment, the annual change and temperature coefficient of the electro-motive force of a mercury battery have been measured pricisely.
Introduction
We are interested in a transportation keeping a current constant. Occasionally, it is important to transfer a standard current with high accuracy (better than 1 ppm) to a different laboratory apart from a laboratory where the standard current is maintained. Two methods are under consideration to transfer the standard current. One is that a long cable is layed between the two laboratories and that the current through it is compared directly with the standard current. In the National Bureau of Standard in USA, a 1.5km long cable was used for that (1) . This becomes more difficult as the distance between laboratories is longer. The other method is that a mediate current is used. It is such a method as a mediate standard cell is used in a voltage transfer. At first, the mediate current is standardized from a maintained standard current. Then the apparatus which keeps the mediate current is carried and the current is transfered to a corresponding current in another laboratory. In this method, the required conditions to the apparatus to keep the mediate current during the transportation are somewhat different from the conditions in maintenance of the standard current in a fixed place. The conditions are itemed below.
(1) It should be portable. ( 2) The mediate current should be kept constant or it should vary linearly during the transportation. In the case, an interpolation is used. ( 3) The mediate current should not be affected by surrounding temperature change.
(4) The mediate current also should not be affected by mechanical shock. A zener diode is used ofen as a voltage reference, but its noise is large. We have attempted to use a mercury battery as the reference, since the noise is intrinsically small and it is available easily. But characteristics of a mercury battery have not been precisely known. We have measured the stability in electro-motive force (emf) and the temperature coefficient of the emf to mercury battery is useful as a voltage reference of our constant current source. The emf of mercury batteries is about 1.360V. The detail of the measurement is described in section 2. From the result, the annual decay of emf is almost linear in a required term and battery as the voltage reference in our constant current source. We have made a constant current source settled in a carefully temperature-controlled air bath to transport a current. We have measured the stability of the current source and effects to it by thermal and mechanical shock. And we have confirmed that the apparatus has satisfied the above conditions and it can be used to transport a standardized current with the accuracy within 1ppm.
Characteristics of a mercury battery
The stability in the emf of a mercury battery and the temperature dependence of the emf have been measured. Two batteries which are Type H-Ya, manufactured by Matsushita Denchi Kogyo Co. Ltd., are measured. Since the emf of a mercury battery depends on temperature, the surrounding temperature must be controlled. We used an oil bath controlled within 1mK which is filled with liquid paraffin. The temperature program is shown together in Fig. 1 . The emf of mercury battery in a open circuit was measured by a nanovoltmeter, Kethley 181. The result is shown in Fig. 1 . Two batteries showed the same behavior. When the temperature is changed, the transitional term in the emf is observed in about twenty hours.
of other three batteries of the same type by a different method, in which an air bath controlled within 10mK, a standard cell and a direct current comparator potentiometer, Guildline 9930, have been used. The annual changes of these three batteries were about indivisual character and specially the period after the production. However, the decay rate does not vary so quickly in time. It is confirmed with one mercury battery that the discrepancy of emf from linear decay is not over a few microvolts for twenty days. It is important that the temperature at the mercury battery and circuit is carefully controlled to keep a current constant.
The controlled temperature is set to coefficient of a reference resistor (Vishay Model S 102 circuit are separately encapsulated in a battery enclosure and a resistor enclosure respectively settled in an air bath as shown in Fig. 2 . The air bath has a threefold aluminum wall. Heaters are wound noninductively around the battery and the resistor enclosures individually and a subheater is stuck on a plane ters are used for temperature sensor. The temperature in the battery and the resistor enclosures are controlled indivisually within 10mK and 20mK respectively. The circuit of the standard current source is shown schematically in Fig. 3 . The current through the reference resistor Rr is regulated by the operational amplifier A1 and Darlington transistors Q1, Q2. The amplifier A1(OP-27) has a low temperature coefficient of an offset voltage and low frequency noise of it is guranteed within 80nV peak-to-peak from 0.1Hz to 10Hz. This noise corresponds to 0.06 ppm fluctuation of mercury battery emf. We can compensate for the time decay of the reference voltage using a digital compensation circuit, because the emf of mercury battery decays almost linearly in time. The circuit is shown in Fig. 4 . The clock and the binary counter produce periodically incremental digital signals and the D/A converter generates the analog signal corresponding to it. The signal is stepwise. The compensation voltage can be changed according to the time decay rate of the mercury battery and one step of the compensation is effective for only 10 days. Therefore, we must reset every 10 days.
Result
The stability of the standard current source was measured as follows. The current (10mA) is flowed difference in voltage between the standard cell and the terminal voltage of the standard resister is observed with a galvanometer.
The stability of the standard resister is better than 0.1ppm during measurements.
The annual change in emf of a standard cell is less These stabilities are sufficient for our present measurement. The result is shown in Fig. 5 . The sawtooth like voltage change corresponding to each step of the decay compensation is observed clearly. As the adjustment of compensating voltage is not completed, a slight current drift is seen. It is able to adjust more precisely if it is necessary. Fig. 5 . Stability of the standard current source.
The sawtooth voltage change due to the compensation of time decay is observed. Fig. 6 . The effect to the current by the ambient temperature change and the room temperature change where the standard current source is set.
To measure an effect to the current by the change of an ambient temperature, the standard current source was set in the next room. The temperature in each room can be controlled independently.
The measurement method was the same as above.
As shown in temperature does not affect within 0.2ppm. The Fig. 7 . The effect to the current by mechanical shock. The vibration was given to the standard current source in the period which is shown by hatching. The room temperature is shown with open circuit.
current drift in this case is about +0.36ppm/day as shown by a trend line.
To measure the effect by the mechanical shock to the current, we shaked the apparatus for five minutes. This was repeated six times in three hours. The vibration effect is comparatively large and gets to 1.5 ppm. However, the effect disappears in the hours as shown in Fig. 7 . The current drift is -1.04ppm/day according to the present rough adjustment of compensating voltage. But these slight drifts do not cause an uncertainty more than 0.1ppm by interpolating from the values of the meadiate current before and after transportation.
Conclusion
We have made a transportable standard current source with high stability using a mercury battery as a voltage reference combining with a reference resistor. An advantage of this apparatus is low noise due to an inherent character of chemical batteries. Drift according to the emf decay of a mercury battery is compensated electrically.
By adjusting the compensating current, it is possible to keep the mediate current constant within 0.2ppm/day.
The fluctuation of this mediate current source is less than 0.2ppm in one day. A surrounding temperature change affects the constant current scarcely. Although mechanical shock affects it grater than 1ppm, the effect vanishes in ten hours to be less than 0.2ppm.
Present measurement of a current is a relative measurement to the standard cell using a standard resister. Therefore, in an more accurate measurement the stability of the standard cell and of the standard resistor should be considered.
We are able to use this apparatus to transfer a standard current from a laboratory to other one with an uncertainty , less than 1ppm. The drift compensation is presently effective for only ten days, but it is possible that the compensation is extended more.
From the present work, it has been known that a mercury battery has a larger temperature coefficient of emf but the decay is only 10ppm/day and almost linear. Therefore, a mercury battery is useful as a voltage reference or a voltage source, if the temperature is carefully controlled and mechnical shock is excluded.
The used battery has a cylindrical structure. We also tested an influence of mechanical shock for a small mercury battery of a button type. The battery was less sensitive to mechanical shock than cylindrical one. Therefore we have replaced the cylindrical mercury battery with a button type one in the constant current source and test the effect of transportation carrying about 10Km by car. The test was repeated 6 times during a day. The mediate current measured immediately before and after each trip. The deviation of the current by a transportation was less than 0.6 ppm for the worst case. But the mercury battery has a little electric and thermal capacity. It is necessary to examine the stability and effect by ambient temperature change about this current source. A development of the mercury battery which is nonsensitive to mechanical shock and which has large electric and thermal capacity is desired.
